Introduction
Microbial natural products are one of the most important sources for clinical drugs and have been mined for many decades [1, 2] . During the past two decades, many novel marine natural products (MNPs) have been discovered from marine life every year [3] , forming a huge reservoir of new structures for drug discovery [4] [5] [6] . Of these, marine microorganisms are major producers of MNPs. Recently, researchers have exhibited a growing interest in the less-exploited deep-sea microorganisms derived from diverse geographical locations or from complex symbiotic systems, such as are found in marine sponges [7, 8] . Advances in next-generation sequencing (NGS) technologies have facilitated natural product discovery efforts to enter a new genomic era [9] . Genomic studies of microbial natural product producers have revealed that the secondary metabolic capability of microbes are largely underestimated [10] ; although a single digit number of secondary metabolites are usually detected in culture, dozens of metabolic gene clusters are predicted in a genome. A large number of silent or cryptic gene clusters have been uncovered by bioinformatic analysis and the genome sequences deposited in databases [11] . Strategies that efficiently activate cryptic gene clusters, allowing for genome mining, play a critical role in the discovery of novel natural products in the genomic era [12] .
The application of chemical elicitors such as LaCl 3 is very simple and efficient and has been shown to be an effective strategy to stimulate or improve secondary metabolism in bacteria [13, 14] . In a preliminary study using deep-sea Actinobacteria for anti-infective natural products, some strains acquired antimicrobial activity upon supplementation with LaCl 3 , while others showed an increased level of activity [15] . The strain HB-J378, formerly named J378, was selected for investigation because its anti-MRSA (methicillin-resistant Staphylococcus aureus) activity was significantly enhanced by the addition of LaCl 3 [15] . Here, we report the isolation and identification of nocardiopsistins A-C (1-3), a group of new angucyclines, which were activated by the elicitor and are responsible for the anti-MRSA activity. We also demonstrated unambiguously by gene knock-out that a set of three genes in gene cluster #11 is indispensable for the production of nocardiopsistins. These genes encode minimal core components of aromatic or type II polyketide synthases (PKSs), which are highly homologous to that of the urdamycin, oviedomycin and landomycin pathways.
Materials and methods

Chemicals and general experimental procedures
Lanthanum chloride (LaCl 3 ) was obtained from ACROS Organics; premixed LB powder was obtained from BD Difco; the Sephadex LH-20 resin was purchased from GE Healthcare. All organic solvents were purchased from Thermo Fisher Scientific. As a step of the chemical purification process, crude extracts were fractionated by reversed-phase C-18 flash chromatography using an Isco Combiflash ® RFx4 equipped with PeakTrak software (Teledyne Isco)on a RediSep Rf Gold C18 column (size 50 g). HPLC analyses of crude extracts and fractions were performed on an UltiMate 3000 system (Thermo Fisher) with an Apollo C18 column (250 mm × 4.5 mm) or a semi-preparative column (Apollo C18 column, 250 mm × 10 mm). HRESI-MS data were recorded on an LTQ Orbitrap VELOS (Thermo Fisher) or an Agilent Q-TOF high-resolution mass spectrometer. NMR data were collected on a JEOL ECA-600 spectrometer operating at 600.17 MHz for 1 H and 150.9 MHz for 13 C. The edited-g-HSQC spectrum was optimized for 140 Hz, and the g-HMBC spectrum was optimized for 8 Hz. Samples were dissolved in CDCl 3 and chemical shifts were referenced to solvent, e.g. CDCl3 δ H observed at 7.24 ppm and δ C observed at 77.0 ppm.
Bacterium and phylogenetic analysis
The strain HB-J378 which was isolated from a specimen (5-VI-96-3-009) of the marine sponge Theonella sp. is held in the Harbor Branch Oceanographic Institute (HBOI) Marine Microbial Culture Collection. For general growth, the strain was cultivated on GYM agar plates (glucose 4 g, malt extract 10 g, yeast extract 4 g, NZ-amine type A 1 g, sea salt 39.5 g, agar 20 g per liter) at 28°C; liquid culture was carried out in SPY medium (soluble starch 20 g, glucose 10 g, peptone 5 g, yeast extract 5 g, K 2 HPO 4 0.5 g, MgSO 4 ·7H 2 O 0.5 g, CaCO 3 2 g, and sea salt 39.5 g, per liter) on a shaker (250 rpm) at 28°C. For phylogenetic analysis, genomic DNA was extracted from fresh-grown mycelia using Chelex resin (Promega) according to the manufacturer's manual; the 16S rRNA gene was amplified using universal primers Eco9 and Loop27rc (Table 1) . PCR products were observed on 1% agarose gels, purified, and sent for Sanger sequencing at Eurofins Genomics. Dual direction sequencing using both forward and reverse primers allowed an accurate editing of sequences. The consensus sequences were aligned for the closest relative in the GenBank database using BLAST [16] . The partial 16S rRNA sequences shared high homologies with various Nocardiopsis species, with N. dassonvillei subsp. albirubida NBRC 13392 as the top hit (accession no. NR_112743).
Fermentation and metabolic profile analysis
For small-scale fermentation, spores of Nocardiopsis sp. HB-J378 were inoculated into 250-mL flasks each containing 100 mL of SPY media; LaCl 3 was supplemented at 2 mM. For large-scale fermentation, spores were inoculated in 70 flasks each containing 100 mL SPY medium with 2 mM LaCl 3 . All flasks were cultured on a rotary shaker at 200 rpm and 28°C for 7 days. The broth (7 L) was extracted four times with equal volume of ethyl acetate using three times of sonication for 20 min each. The combined EtOAc layers were concentrated under vacuum at 30°C. Samples were dissolved in methanol and centrifuged to remove precipitates before HPLC. The mobile phases consisted of H 2 O+0.1% TFA (solvent A)/MeCN (solvent B), eluted by a gradient of 5 min equilibration, 5% B; 0 min, 5% B; 15 min, 100% B; 20 min, 100% B, and a flow rate of 1.5 mL/min.
Antimicrobial bioassay
The antimicrobial activity of purified compounds was tested against Candida albicans, MRSA, and Pseudomonas aeruginosa using a standard disk-diffusion method [17] . Strong inhibition against MRSA was observed. Microtiter broth dilution [18] was performed to determine minimal inhibitory concentrations (MICs) of each purified compound. Chloramphenicol and DMSO were included as the positive and negative control, respectively.
Knock-out of PKS genes
The traditional double-crossover strategy was used to knock-out genes of interest. The left arm (L-arm, 1.1-kb) was amplified using primers C11F-for/C11F-rev, and the right arm (R-arm, 1.1-kb) with primers C11R-for/C11R-rev (Table 1) . After sequencing confirmation of PCR products, the L-arm and R-arm fragments were digested by NdeI/ SpeI, and SpeI/HindIII, respectively, and ligated into pYH7 (kindly gifted by Prof. Yuhui Sun [19] ) digested by NdeI/HindIII, and recombinant plasmid pYH7-c11/PKS was transformed into Escherichia coli ET12567/pUZ8002. Conjugation of pYH7-c11/PKS into Nocardiopsis sp. HB-J378 was performed as described previously [20] . Briefly, spores were collected from MS sea salt agar plates, subjected to heat shock at 55°C for 10min, and then suspended in LB as recipients. For donors, an overnight culture of E. coli ET12567/pUZ8002 containing the plasmid pYH7-c11/PKS was inoculated into fresh 50 mL LB at a ratio of 1:100, and when OD 600 reached 0.4-0.6, cells were collected by centrifugation and washed twice with LB, then suspended in LB. The donors and recipients were mixed and spun briefly, they were then plated on MS sea salt agar plates supplemented with 10 mM MgCl 2 . After 15 h incubation at 28°C, apramycin (75 μg/mL) and nalidixic acid (50 μg/mL) were overlaid to select exconjugants. Exconjugants were then passaged on plates without any antibiotic for 3-4 generations, single clones with the deletion of PKS genes were confirmed by PCR using primers C11FR-for and C11FR-rev (Table 1) . A knock-out mutant was randomly chosen for further fermentation and analytic experiments.
Accession number
The partial 16S rRNA sequence of Nocardiopsis sp. HB-J378 has been submitted to GenBank with an accession number MH779065.
Results
Improved production and isolation of compounds from Nocardiopsis sp. HB-J378
Fermentation in the presence of 2 mM LaCl 3 led to a doubling of the inhibition zone in the anti-MRSA assay for the crude ethyl acetate extract, 25 mm (with LaCl 3 ) vs 12 mm (without LaCl 3 ) [15] . While the yield of nocardiopsistin A (1) was enhanced approximately 4-fold, nocardiopsistin B (2) was only produced when LaCl 3 was present (Fig. 1) . Fractions enriched in these compounds from flash chromatography were further separated by Sephadex LH20 (25 mm × 51 cm), eluted with MeOH/CH 2 Cl 2 (1:1); tubes with targeted peaks as determined by GAC TAC CAG GGT ATC TAA TC aac(3)IV-F ATT CTT CGC ATC CCG CCT CT aac(3)IV-R GCC CGT TAC ACC GGA CCT TG C11F-for CATATG TCA GCA GCT TCA CCG ACT C NdeI C11F-rev ACTAGT CTG TCG TCA TGT GTG GTC GT SpeI C11R-for ACTAGT GGC ACG GCC TGT GAC CAC A SpeI C11R-rev AAGCTT GGC GAT CAG CCG GTA CAC AT HindIII C11FR-for GCT GTT CCA GCA GAT CAG C C11FR-rev GCA GAG GAA CAC CTG CTT AC HPLC analysis were combined for semi-preparative purification. Nocardiopsistin A (1) (6 mg, t R = 11.2 min) was obtained using 80% MeCN at a flow rate of 3 mL/min, whereas nocardiopsistin B (2) (3.5 mg, t R = 20.5 min) and nocardiopsistin C (3) (1.5 mg, t R = 18.1 min) were purified using 70% MeOH at a flow rate of 3 mL/ min. Table 2 . 1D NMR data suggested the angucyclinone skeleton which was very similar to the data reported for oviedomycin [21] . A primary difference was the observation of resonances attributable to two methyl groups [δ H 1.23 and δ H 1.21] each appearing as doublets. These were coupled to H-13 (δ H 3.2) assigning an isopropyl group in 1. The isopropyl functionality was placed at C-3 based upon correlations in the HMBC spectrum between both H-13 and CH 3 -15 (δ H 1.21) to C-3 (δ C 155.6) and from H-2 (δ H 6.90) to C-13. The resonance at δ H 6.91 (s, H-2) was assigned by the HMBC correlation with C-12b (δ C 127.4) and C-13. HO-8 was assigned by HMBC correlations with C-7a, C-8, and C-9, whereas the position of HO-6 was confirmed by HMBC correlations with C-6 and C-6a (Fig. 2, H and 13 C NMR spectra suggested that it was closely related to compound 2 with a primary difference being the presence of an additional methylene group observed at δ H 3.08 d (J = 16.5), 2.97 dd (J = 16.5, 3.0); δ C 39.8 and the loss of the resonance attributable to the C-4 ketone in 2. The singlet proton observed at δ H 7.01 (H-5) showed long range coupling in the HMBC spectrum to the carbon of the new methylene group supporting the replacement of the C-4 ketone with a methylene group. The protons of the new methylene group showed correlations in the HMBC spectrum to C-5 providing further support of the assignment. As with both 1 and 2 resonances attributable to an isopropyl functionality were observed and both H-13 and the methyl protons attached to C-13 showed correlations in the HMBC spectrum to a quaternary carbon observed at δ C 76.8 similar to what was found for 2 suggesting the presence of hydroxyl functionality at C-3. The 2D-COSY spectrum indicated a long range coupling between H-2b [δ H 2.82] and H-4b [δ H 2.97] of the methylene groups and the magnitude of the coupling constant is consistent with wcoupling. The NMR data observed for the remaining atoms was similar to that of compounds 1 and 2 with all correlations observed in the COSY and HMBC spectrum being consistent with structure 3. HRESI-MS data, UV spectrum, chemical shifts and HMBC correlations, and full 1D/ 2D NMR data were shown in Supplementary Fig. S13 -S18.
Structural characterization of nocardiopsistins A-C
Anti-MRSA activity of nocardiopsistins A-C
Our preliminary study [15] reported only an anti-MRSA activity of the HB-J378 crude extract. After purification, nocardiopsistins A-C were tested again against three pathogens, MRSA together with C. albicans and P. aeruginosa. As expected, no inhibitory activity of purified compounds were observed against C. albicans and P. aeruginosa; all compounds inhibited the growth of MRSA. We further determined the MIC of each compound. As shown in Table 3 , nocardiopsistin B, with a hydroxyl group (eOH) at C3 (Fig. 2) , showed the best anti-MRSA activity with the same MIC (3.12 μg/mL) as that of chloramphenicol, whereas nocardiopsistins A and C have a moderate anti-MRSA activity (MIC = 12.5 μg/mL).
Identification of PKS genes indispensable for the biosynthesis of nocardiopsistins
In an attempt to define the biosynthetic origin of nocardiopsistins, the draft genome of HB-J378 was determined by the Illumina sequencing platform and analyzed using antiSMASH [22] to predict metabolic gene clusters. Twenty-three (23) biosynthetic gene clusters (BGCs) were predicted using the latest version (4.1.0) of antiSMASH. Since nocardiopsistins A-C (1-3) are angucycline-type compounds, they are presumably synthesized by an aromatic or type II PKS system. The nocardiopsistins are structurally very similar to oviedomycin [23, 24] with the primary difference being the incorporation of the unique isopropyl starter unit, which is likely derived from an isobutyryl-CoA.
Interestingly, out of 4 BGCs that show the potential to produce polyketides, cluster #11 is a typical type II PKS gene cluster which contains three contiguous genes encoding KS α , KS β (also named chain length factor, CLF) and ACP showing high homologies to the corresponding core PKS components of urdamycin, oviedomycin, and landomycin (Fig. 3A) [24] [25] [26] [27] . In order to confirm whether this gene cluster is responsible for the biosynthesis of nocardiopsistins, in-frame deletion of the three PKS genes was performed via double crossover homologous recombination (Fig. 3B) . The absence of genes in HB-J378 mutants was confirmed by PCR using primers C11FR-for/CRFR-rev. Three mutants were obtained and fermented in 100-mL SPY medium each; HPLC analysis showed the production of nocardiopsistins was abolished in all mutants, with one representative shown in Fig. 1 . Accordingly, the mutant extract did not show anti-MRSA activity in the same disk fusion assay (data not shown). These results demonstrated clearly that the PKS genes are indispensable for nocardiopsistin production, the gene cluster #11 is likely the BGC for nocardiopsistins, and that nocardiopsistins are responsible for the anti-MRSA activity in the strain HB-J378.
Angucyclines are a large group of well-known aromatic polyketide compounds; their biosynthetic pathways have been extensively characterized [23] . Based on the reported oviedomycin pathway [24] , a simplified biosynthetic pathway of nocardiopsistins A-C was proposed, likely through an analogue of the key angucycline biosynthetic intermediate UWM6 [23] , using a molecule of isobutyral-CoA and nine molecules of malonyl-CoA (Fig. 4) . Notably, isobutyryl-CoA is rarely used as a starter unit in angucyclines. 
Table 3
The activity of nocardiopsistins A-C (1-3) against MRSA.
Compound MIC (μg/ml) Nocardiopsistin A (1) 12.5 B (2) 3.12 C (3) 12.5 Chloramphenicol 3.12
Discussion
In our previous study, a chemical elicitor LaCl 3 has been demonstrated to efficiently activate or enhance antimicrobial activities in more than half of the strains used in that study [15] . By using this method, we found that the anti-MRSA activity of a marine sponge-derived bacterium Nocardiopsis sp. HB-J378 was doubled by simply supplying 2 mM LaCl 3 . Although the mechanism remains elusive, supplementation of LaCl 3 can be a simple and efficient method to elicit the production of novel marine natural products from dee-sea actinomycetes, a group of largely un-tapped secondary metabolite-rich microorganisms, or to increase the yield of bioactive components.
In this work, we identified nocardiopsistins A-C as the metabolites enhanced by LaCl 3 and that are responsible for the observed anti-MRSA activity in Nocardiopsis sp. HB-J378. Chemical structures indicated that these bioactive compounds are a group of new angucyclines, using an unusual isobutyryl-CoA as the biosynthetic starter unit. Angucyclines are the largest group of aromatic or type II PKS-derived natural products, and are extremely rich in various biological activities [23, 28] . The biosynthesis of these compounds often undergoes unusual chemistry reactions, such as post-PKS framework rearrangements or glycosylation [23] . Although the genus Norcardiopsis is relatively newly established [29, 30] , its members are a rich source of value-added natural products with structural diversity and with a wide range of biological activities such as cytotoxicity, antitumor, antimicrobial, immunomodulatory and protein kinase inhibitory [31, 32] , and they have been recognized as a group of biotechnologically and pharmaceutically important bacteria.
Analyzing the draft genome of HB-J378 suggested that the aromatic polyketide gene cluster #11 is probably involved in the production of nocardiopsistins A-C. We constructed in-frame deletion mutants of three core PKS genes in the cluster, which are highly homologous to genes from other angucycline pathways (Fig. 3) ; as expected, production of nocardiopsistins A-C were abolished (Fig. 1) . Notably, the antiSMASH-predicted 46.6-kb gene cluster locates in a relatively large contig #129 (66.4-kb) of the genome assembly; forty-eight (48) predicted ORFs likely includes all enzymes needed for the biosynthesis of nocardiopsistins, as the BGCs of angucycline compounds are usually small, typically around 30-kb [23] . Interestingly, by expressing only 12 structural genes that spans nearly 14-kb DNA isolated from Streptomyces ansochromogenes under the control of P hrdB in a heterologous host S. coelicolor M1146, oviedomycin was produced [33] . In the gene cluster #11, two ORFs, Ctg129_49 and Ctg129_50, are probably responsible for the incorporation of the unusual starter unit. Unexpectedly, the gene cluster lacks genes related to sugar biosynthesis and transfer, as glycosylation is a very common post-PKS structural modification of angucyclines [23] . Rather, a gene ctg129_57 whose product is highly homologous to flavin-dependent halogenases is found in the gene cluster, suggesting that HB-J378 can produce halogenated nocardiopsistin analogues. Halogenation, bromination, chlorination, iodination, and in particular fluorination, is an important structural modification of natural products, which often leads to significantly Fig. 3 . (A) Nocardiopsistin PKS genes are highly homologous to other angucyclines, such as landomycin pathway (lan, accession #AF080235), oviedomycin pathway (ovm, accession #AJ632203); and urdamycin pathway (urd, accession #X87093). The number in parentheses indicates sequence identity between nocardiopsistin genes with its corresponding homologous genes. The conserved gene (empty arrows) encoding a C9 reductase often present in angucycline pathways is also included. (B) Illustration of the in-frame deletion of nocardiopsistin PKS genes in HB-J378 using double crossover. Fig. 4. Proposed biosynthesis of nocardiopsistins A-C (1-3) .
enhanced bioactivity and thus is of strong interest to drug discovery [34] . However, halogenation of angucyclines has been rarely reported; only a very limited number of halogenated angucyclines have been discovered, such as the dichlorocyclopropane compound JBIR-88 isolated from a lichen-derived Streptomyces sp [35] and hyperchlorinated allocyclinones produced by Actinoallomurus sp [36] . Identification of halogenated compounds in HB-J378 is in process.
Conclusion
In summary, we have identified three new angucyclines with anti-MRSA activity, nocardiopsistins A-C, from the marine sponge-derived Nocardiopsis sp. HB-J378. Their production can be activated by simply supplying the rare earth salt LaCl 3 . A unique isobutyryl-CoA is suggested to be the biosynthetic starter unit of nocardiopsistins. AntiSMASH analysis of secondary metabolic gene clusters identified an aromatic PKS gene cluster; knock-out of its core PKS genes indicated this cluster is likely involved in the production of nocardiopsistins.
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